We discuss the phenomenological and astrophysical implications of neutronmirror neutron oscillation and show that the present experimental data allow an oscillation time in vacuum, τ nn ′ , much smaller than the neutron lifetime. Such a fast oscillation could provide a very efficient mechanism for transporting protons with super-GZK energies at very large distances provided that the CMB of mirror photons has a temperature T ′ about 3 times smaller than that of ordinary photons, T , in agreement with primordial nucleosynthesis (x = T ′ /T < 0.5). The mechanism operates as follows: a super-GZK energy proton scatters a CMB photon producing a neutron that oscillates into a mirror neutron which in turn decays into a mirror proton. The latter undergoes a symmetric process producing back an ordinary nucleon but only after traveling a distance x −3 times larger than ordinary protons. This may relax or completely remove the GZK-cutoff in the cosmic ray energy spectrum and also explain the correlation between the observed UHE protons and far distant sources like BL Lacs.
The idea that there may exist a mirror world, a hidden parallel sector of particles and interactions which is the exact duplicate of our observable world, has attracted a significant interest over the past years [1] - [9] (for reviews, see [10, 11] .) The basic concept is to have a theory given by the product G × G ′ of two identical gauge factors with identical particle contents, so that ordinary particles are singlets of G ′ and vice versa, mirror (M) particles are singlets of G (From now on all symmetries, fields and quantities of the mirror (M) sector will be marked with ′ to distinguish from the ones of the ordinary/observable (O) world.). The Lagrangians of both sectors are identical i.e., all coupling constants (gauge, Yukawa, Higgs) have the same pattern in O-and M-worlds, which means that there is a discrete symmetry G ↔ G ′ , the so called mirror parity, under the interchange of the respective G and G ′ fields. The two worlds can be considered as parallel branes embedded in a higher dimensional space, with O-particles localized in one brane and the M-ones in another brane, while gravity propagates in the bulk, a situation that could naturally emerge e.g. in the context of E 8 × E ′ 8 superstring theory. If the mirror sector exists, then the Universe should contain along with the ordinary photons, electrons, nucleons etc., their mirror partners as well. Hence, mirror matter, being invisible in terms of ordinary photons, but interacting with ordinary matter through gravity, could be a viable dark matter candidate [8, 9] .
The fact that O-and M-sectors have the same microphysics, does not necessarily imply that their cosmological evolutions should be the same too. If mirror particles had the same cosmological abundances in the early universe as ordinary ones, this would be in immediate conflict with Big Bang Nucleosynthesis (BBN); their contribution would increase the Hubble expansion rate by a factor of √ 2 which is equivalent to an effective number of extra neutrinos ∆N ν ≃ 6.14. To avoid this problem one has to accept the following paradigm: at the end of inflation the two systems are (re)heated with different temperatures, namely, the M-sector gets a lower temperature than the O-sector. The two systems expand adiabatically, without significant entropy production, and interact with each other so weakly that the equilibrium between them cannot be achieved in subsequent epochs. In this case, the ratio of their temperatures would be kept nearly constant during the expansion of the universe.
A key role in our further considerations will be played by the parameter x = T ′ /T , where T and T ′ are the temperatures of the cosmological backgrounds of relic photons in the O-and M-sectors respectively. It is limited by the effective value of ∆N ν at the BBN epoch in a rather mild way, x ≃ 0.64 (∆N ν ) 1/4 [5, 8] , and so the BBN bound ∆N ν < 0.5 implies roughly the upper limit x < 0.5, while for x = 0.4 one would have ∆N ν ≃ 0.2. In other words, in order to avoid a conflict with BBN, the relic mirror photons must have a temperature at least 2-3 times smaller than the ordinary photons.
Besides gravity, the two sectors could communicate by other means. An immediate possibility is related to the fact that the neutral O-particles, elementary as well as composite, can have a mixing with their M-counterparts. In particular, ordinary photons could have kinetic mixing with mirror photons [2] , which can be searched in the ortho-positronium oscillation into its mirror partner [4] and can be tested with dark matter detectors [11] . Ordinary neutrinos could also mix with mirror neutrinos [3] , ordinary pions and Kaons with their mirror ones, etc. Such mixings should be induced by interactions between the O-and M-fields mediated by some messengers, which may be gauge singlets [7] , or gauge bosons of e.g. a common flavor gauge symmetry or a common B − L symmetry [6, 10] . In this Letter we explore the mixing between the ordinary neutron n and its mirror partner n ′ due to a small mass mixing term δm (nn ′ +n ′ n). We show that the present experimental limits do not exclude the possibility of a rather rapid n − n ′ oscillation, with an oscillation timescale 1/δm = τ nn ′ much smaller than the neutron lifetime τ n ≃ 10 3 s. Such an intriguing possibility, apart from the fact that can be tested in small scale "table-top" experiments, could also have far going astrophysical implications, in particular, in the physics of ultra high energy cosmic rays. We shall show below that it could provide a very efficient mechanism of transport of UHE protons at large cosmological distances and thus, could explain rather naturally the events observed above the Greisen-Zatsepin-Kuzmin (GZK) cutoff.
The paper is organized as follows. First we consider the effective operators responsible for n − n ′ mixing and discuss the limits on n − n ′ oscillation. Then we discuss the implications for cosmic rays at super-GZK energies.
Let us consider the Standard Model with the gauge symmetry group G = SU(3)× SU(2) × U(1) describing the observable particles: left-handed quarks and leptons q = (u, d), l = (ν, e), right-handed ones u, d, e (for simplicity, family indices are omitted), and the yet unobserved Higgs φ.
3 In addition, we assign a global lepton charge L = 1 to leptons and a baryon charge B = 1/3 to quarks, so that baryons consisting of three quarks have B = 1. If B and L were exactly conserved then in the framework of the Standard Model neutrinos would remain massless and the proton would be stable.
However, B and L may not be perfect quantum numbers. In fact they are related with accidental global symmetries possessed by the Standard Model Lagrangian at the level of renormalizable couplings, but they can be explicitly broken by higher order operators. In particular, it is well-known that the D = 5 operator O 5 ∼ (1/M)(lφ) 2 (∆L = 2) with M being a large cutoff scale, yields, after inserting the Higgs VEV φ = v, Majorana masses for neutrinos with naturaly small values m ν ∼ v 2 /M, as well as neutrino mass mixing leading to neutrino flavor oscillations. Analogously,
antineutron oscillation phenomenon [12] . Suppose now that there exists a hidden mirror sector, an exact duplicate of the observable one, having gauge symmetry
′ , a mirror Higgs φ ′ , and mirror quarks and leptons, left-handed
Let us assign a lepton charge L ′ = 1 to mirror leptons and a baryon charge B ′ = 1/3 to mirror quarks. One can construct now D = 9 operators that couple gauge singlet combinations of three ordinary quarks with the same combinations of mirror quarks:
Obviously, these ∆B = 1, ∆B ′ = 1 operators give rise to mixing between ordinary and mirror neutrons. 4 Taking into account that the matrix elements of these operators between neutron states are typically of the order of Λ 6 QCD ∼ 10 −4 GeV 6 , we obtain the following estimation for the mass mixing term between n and n ′ ,
At first glance one could think that the bounds on the n − n ′ oscillation are nearly the same as the ones on n −ñ oscillation. The experimental bounds on the latter are indeed strong, τ nñ = 1/δm nñ > 10 8 s, and, as a matter of fact, they are imposed in two different ways: (a) from the direct experimental search for free neutron oscillation and (b) from nuclear stability. However, we show that this is not the case of n − n ′ oscillation and in fact its bounds are about 8 orders of magnitude weaker, τ nn ′ = 1/δm nn ′ > 1 s. This indeed is quite surprising! The n − n ′ oscillation time is allowed to be much smaller than the neutron lifetime τ n ≃ 10 3 s. As far as mirror neutrons are invisible, n − n ′ oscillations can be experimentally observed only as neutrons disappearance. Hence, if τ nn ′ ≪ τ n , strictly free neutrons should oscillate many times before they decay, with a maximal mixing angle (θ = 45
• ), and so in average about a half of their initial flux should be lost immediately! In other terms, instead of the exponential law P (t) = exp(−t/τ n ) for the neutron survival probability, one should observe the oscillating behaviour P (t) = cos 2 (t/τ nn ′ ) exp(−t/τ n ). Is not this immediately excluded by the experiments measuring the neutron lifetime with great accuracy? The answer is no! Simply because in these experiments neutrons and mirror neutrons are subject to very different conditions. The evolution of free non-relativistic neutrons is described by the effective Hamiltonian in n − n ′ space,
where K m − iΓ/2 are the pure kinetic terms for a neutron with mass m and decay width Γ = 1/τ n , which, due to exact mirror parity, are precisely the same for mirror neutrons. However, the potentials V and V ′ felt by n and n ′ are not quite the same. In particular, since the experiments are done at the Earth, the terrestrial magnetic field, B ≃ 0.5 G, induces an effective contribution V ≃ µB ≃ 3 · 10 −12 eV, where µ ≈ 6 · 10 −12 eV/G is the neutron magnetic moment. On the other hand, V ′ is vanishingly small since no significant mirror magnetic fields are expected on Earth. Then, for δm < V , the effective mixing angle between n and n ′ states becomes θ ≈ δm/V and the effective oscilation time becomes τ eff ≈ 2/V ≃ 4.4 · 10 −4 s, and so the average transition probability should be P (n → n ′ ) ≃ 2 (δm/V ) 2 . Therefore, for e.g. δm = 10 −13 eV one has P (n → n ′ ) ≈ 2 · 10 −3 and obviously, such a small effect would pass unobserved in the experiments.
Thus, to improve the experimental sensitivity the magnetic field effects should be eliminated. For example, for being sensitive to τ nn ′ ∼ 10 3 s, the magnetic field should be reduced to 10 −6 G, which, for comparison, is the typical value of galactic magnetic fields.
In the experiment at Grenoble designed to search for neutron-antineutron oscillation, the magnetic field was reduced to the level B ∼ 10 −4 G [15] . Cold neutrons were propagated in vacuum with an average speed of ≃ 600 m/s and effective time of flight t ≃ 0.1 s in a mu-metal vessel shielding the external magnetic field. No antineutrons were detected and the limit τ nñ > 0.86 · 10 8 s has been reported. Obviously, the search for n − n ′ oscillation was not the aim of this experiment. Nevertheless, it can be also used to set a crude limit on its timescale, τ nn ′ . By monitoring the neutron beam intensity it was observed that about 5% of neutrons disappeared [15] . As far as most of the losses can be attributed to scatterings with the walls in the neutron guide and drift vessel, one can assume rather conservatively that no more than 1% of losses were due to n − n ′ oscillation. If τ nn ′ is larger than the neutron propagation time t ≃ 0.1 s, the oscillation probability is given by P (t) ≃ (t/τ nn ′ )
2 . Then, one obtains a bound τ nn ′ > 1 s, or δm nn ′ < 10 −15 eV. Let us discuss now whether the bounds from nuclear stability, which gives the strongest limits on τ nñ , are applicable also to the case of n − n ′ oscillation. One could naively think that it could destabilize nuclei according to the following scheme: a stable nucleus (A, Z) (for example 16 O) transforms into the isotope (A − 1, Z), that may be unstable (in this example 15 O), while a mirror neutron is emitted from the nucleus. Then, the decay of the unstable isotope, with a characteristic decay signal, can be detected in large volume detectors as e.g. Superkamiokande.
This kind of reasoning certainly applies to the neutron invisible decay channels, e.g. n → 3ν. However, it is invalid for the oscillation channel into an invisible particle that is exactly degenerate in mass with the neutron, as is the mirror neutron case. Indeed, such a process is simply forbidden by energy conservation. It requires that the mass of the nucleus (A, Z) is larger than the mass of nucleus (A − 1, Z) plus the neutron mass m, which is impossible to satisfy if (A, Z) is a stable nucleus. The nuclear force itself prevents such a process: If (A, Z) cannot decay into (A − 1, Z) emitting an ordinary neutron because of a positive binding energy, then neither can it decay with the emission of a mirror neutron. The situation does not change even if it is not the mirror neutron but its β-decay products -mirror proton and electron -that escape from the nucleus. Neither this small gain in phase space, nor another small gain due to the posssibility of electron capture by the outer shell can help satisfying the energy conservation law for such decays of any stable nuclei (A, Z).
Hence, the only realistic limit that remains is τ nn ′ > 1 s, indirectly extracted from the neutron beam controlling procedures at the Grenoble experiment searching for neutron -antineutron oscillation. Now we show that the possibility of such a fast oscillation opens up very intriguing prospects for understanding the problems concerning ultra high energy cosmic rays (UHECR).
It was pointed out a long time ago [14] that microwave relic photons make the universe opaque to cosmic rays at ultra high energies (UHE) [14] . In particular, protons with energies above the pion photoproduction threshold,
where m p and m π are the proton and pion masses respectively, and ε γ ∼ 10 −3 eV is a typical relic photon energy, cannot propagate at large cosmological distances without losing their energy. As a result, one expects to see an abrupt cutoff in the spectrum of cosmic rays above the threshold energy E th , the so-called GZK-cutoff or GZK-feature.
The proton mean free path (m.f.p.), l p , that is practically infinite for energies below the threshold of pγ → Nπ scatterings, becomes at E > E th , l p ≃ (σn γ ) −1 ≃ 5 Mpc, where n γ ≈ 400 cm −3 is the number density of CMB photons and σ ≃ 0.1 mb is the pion photoproduction cross section. On average, protons lose per scattering a fraction y ≃ 0.2 of their energy.
5 Therefore, super-GZK protons should lose their 5 In fact the UHE cosmic rays travel long distances transforming continuously from protons to neutrons and back. The p γ → N π scatterings produce both protons and neutrons (p π 0 or n π + ) with nearly equal probabilities (isotopical symmetry). If the Lorentz factor γ = E/m is not too large, neutrons suffer β-decay n → p eν e , transfering the whole energy back to the proton form after traveling a distance of about l dec = γ c τ n ≃ (E/10 20 eV) Mpc. Therefore, at energies E < 10 20 eV the cosmic ray carriers will be mostly protons, while for energies above 10 20 eV they will be both protons and neutrons in nearly equal proportions. Anyway, the existence of neutrons does not change the propagation distance, since their scatterings off the CMB background, n γ → p π − (n π 0 ), have the same cross sections as protons, and thus the neutron m.f.p. is also l p ≃ 5 Mpc.
energy when traveling at large cosmological distances. Namely, a proton with initial energy E R ≫ E th at the source, will suffer on average N = R/l p collisions traveling a distance R from the source to the Earth and so its energy will be reduced to E ≃ E R (1 − y) N . In other words, the average amount of scatterings needed to bring the proton energy from E R down to E > E th is about N ≃ 10 log(E R /E). Energy losses stop only when the proton energy gets down below the threshold energy E th , where the proton m.f.p. is very large.
Therefore, the distance to the source of a proton that was emitted with initial energy E R and is detected at the Earth with a super-GZK energy E > E th can be roughly estimated as
For example, the proton with energy of 3 · 10 20 eV detected by Fly's Eye had to have an initial energy of about E R ≃ 3 · 10 21 eV if it came from a distance of 50 Mpc (though no astrophysical source is seen at this distance), or E R ≃ 3 · 10 22 eV if it came from a 500 Mpc distant source.
As for the hypotetical UHE mirror protons, they propagate much larger distances through the background of relic mirror photons provided that the mirror CMB has a smaller temperature, T ′ = x T < 0.5 T , as imposed by the BBN bounds on extra degrees of freedom. First, because the relic photon energy rescales as ε ′ γ = x ε γ and second, because the mirror photon density is suppressed by a factor of x 3 , n ′ γ = x 3 n γ , whereas the scattering processes and cross sections are the same in both sectors. As a result, the threshold energy is higher for mirror protons and the m.f.p. is drastically amplified:
With smaller x the GZK-cutoff in the mirror proton spectrum not only shifts to even higher energies with respect to the ordinary GZK-cutoff, but also becomes less sharp because mirror protons can arrive from larger cosmological distances. In particular, for x = 0.1 one gets l ′ p ≃ 5 · 10 3 Mpc, of the order of the present Hubble radius, which means, mirror protons would cross the universe without losing energy and the GZK-feature would simply not exist in the mirror proton spectrum.
Let us discuss now what can happen if there exists n−n ′ oscillation with τ nn ′ ≪ τ n . Such a proccess may dramatically change the paradigm of cosmic ray propagation by providing a mechanism for converting ordinary protons into mirror ones and vice versa at super-GZK energies. Obviously, for relativistic neutrons both oscilation and decay lengths rescale with the Lorentz factor, hence l osc /l dec = τ nn ′ /τ n . For say, τ nn ′ ∼ 1 s, the oscillation length of a neutron with an energy of 10 20 eV is about 1 kpc, and so it oscillates many times into/from a mirror neutron before decaying or scattering a relic photon. The subsequent story strongly depends on the value of the parameter x. There are three different regimes: small, moderate and large values of x.
We start with the case of very small x say, x = 0.1. Consider a flux J R of ordinary protons with energy E R ≫ E th emitted from a distant source. After traveling a path ∼ l p ≃ 5 Mpc each proton scatters once with a CMB photon producing p π 0 or n π + , with a 50% probability for each channel and losing on average a fraction of nucleon energy equal to y. A neutron produced in this way oscillates with probability w into a mirror neutron n ′ , which decays later into p ′ e ′ν′ . 7 Hence, after first scattering, a fraction w/2 of the initial proton flux will be converted into mirror protons with energy (1 − y)E R while the fraction 1 − w/2 of remaining nucleons scatter CMB shortly after and produce more neutrons which then oscillate into n ′ and the latter decay into p ′ . Therefore, after N scatterings we observe not only energy dissipation,
N , but also a deficit in the number of particles: the flux of ordinary nucleons reduces to J N ≃ J R (1 − w/2) N . Namely, for w = 1/2, about a half of the initial ordinary protons will be converted into mirror ones just after two scatterings. On the other hand, mirror protons pass the whole universe without scattering and thus never turn back into the form of ordinary protons.
Hence, for very small x the mirror sector acts like a sink where protons fall and disappear. This can only make the cosmic ray spectrum above the threshold energy (4) even more abrupt. In the other extreme case, if x is so large that the mirror m.f.p. l ′ p compares with the ordinary m.f.p., mirror protons transform also into ordinary particles after scattering with mirror CMB exactly in the same manner as described above, and for x = 1 one would not see any difference from the ordinary situation.
The most interesting are the moderate values of x, 0.35 or so. In this case mirror protons, before scattering their CMB and transforming back to ordinary particles, travel with m.f.p. ∼ 100 Mpc, which is still much smaller than the Hubble radius. Then, the evolution of the system can be described as the propagation of an oscillating mixed state that changes its nature -to ordinary or mirror nucleon -with a probability w/2 after each scattering-oscillation-decay cycle. Hence, its propagation distance after N scatterings becomes effectively, instead of eq. (5),
which for x ≃ 0.35 corresponds to R eff ∼ 600 Mpc · log(E R /E). Therefore, such a mixed state can travel long cosmological distances, comparable with the present Hubble radius cH
Mpc, without suffering big energy losses. On the other hand, for most of the time it travels dressed as p ′ , and the probability of finding it in the form of an ordinary proton/neutron at a large distance from the 7 w = 1/2 in the case of maximal mixing, however, external factors may change this and we keep w as arbitrary (w = source is small:
, which is about 4% for x ≃ 0.35. Hence, one loses a numerical factor of x 3 in the flux but still overcomes the strong exponential suppression. Observe also, that at large distances from the source, it does not matter which was the original state, p or p ′ -the propagating state forgets its initial condition. So, if there are also sources of UHE mirror protons in the universe, and this is not unnatural if one considers mirror baryons as a constituent of dark matter then, their contribution may compensate the deficit created by the W p reduction factor.
This discussion indicates that moderate values of x around 0.3−0.4 are preferable.
8
In this case the mirror m.f.p. is of the order of 100 Mpc which consents a correlation between the super-GZK events observed by AGASA and the distant astrophysical sources known as BL Lacs [18] , a special sort of blazars that could be plausible candidates for natural accelerators of UHE proton cosmic rays. It seems also natural that BL Lacs, consisting essentially of central black holes surrounded by accreting matter, could be accelerating sources for both ordinary as well as mirror protons: a black hole is a black hole, does not matter to which kind of matter.
The following remark is in order. The n − n ′ oscillation of UHE neutrons may be suppressed by cosmological magnetic fields. At large cosmological scales they are extremely small. They are unobserved, but there is an upper bound, roughly B < 10 −9 G. For slow neutrons they are unimportant but they can suppress the oscillation of very fast neutrons. The evolution of fast neutrons in an external magnetic field is equivalent in the neutron rest frame to a Hamiltonian given by eq. (3) with a transverse component of the magnetic field, B, amplified by the Lorentz factor γ = E/m, so that the potential V becomes γ µB. Thus, for super-GZK cosmic rays, E > 10 20 eV, the n − n ′ mixing angle will be effectively suppressed unless B < 10
G in some place. One can object whether this is realistic. However, in reality we do not know much about the size of magnetic fields at scales larger than 100 Mpc and moreover, no reliable mechanism exists for their generation. All physical mechanisms related to the dynamics of primordial plasma before recombination give too small values (e.g. [19] and references therein). Galactic magnetic fields are rather large, of the order of 10
G, but they do not have much memory about the magnitude of primordial seeds as they are amplified many orders by the galactic dynamo. Some simulations of cluster magnetic fields need primordial seeds larger than 10 −13 G, which for voids at 100 Mpc scales may or not be compatible with B < 10 −15 G. It was claimed e.g. in [20] that the magnetic fields measured in clusters need primordial seeds > 10 −13 G at the scales of the order of 10 Mpc. Magnetic fields 8 For intermediate energies between E th and E ′ th ≃ E th /x there can be an interesting feature: ordinary protons can transform into mirror ones, but mirrors cannot transform back into ordinaries. Hence, a dip would emerge in the observed cosmic ray spectrum that would be very prominent if the threshold was ideally sharp. However, the integration over the thermal distribution of relic photons smooths out such a dip.
could be also improperly big in filaments, however, cosmic rays travel mostly in voids where the fields can be easily ≤ 10 −15 G. Observe also that it is not needed at all that the magnetic fields are small in every region: as far as a neutron with energy E = 10 20 eV travels about 1 Mpc before it decays, it is enough for the oscillation to occur that within this 1 Mpc distance it can meet with a reasonable probability patches of the size of c τ nn ′ ∼ 1 kpc where the magnetic field is accidentally smaller than 10 −15 G, or coincides with good precision with the value of the mirror magnetic fields, or are accidentally oriented in a direction orthogonal to the neutron spin. Moreover, if such a cancellation of the n − n ′ relative potential energy V − V ′ occurs due to a spatial variation of the magnetic field with a characteristic length larger than the oscillation length c τ nn ′ then, an adiabatic resonant transition takes place and the conversion probability is even enhanced.
Concluding, we observed an interesting loophole in the physics of such a familiar and long studied particle as the neutron: The experimental data do not exclude that its oscillation time into a mirror partner can be as small as 1 s. This oscillation, however, is impossible for neutrons bound in nuclei or propagating in matter, and is suppressed by the terrestrial magnetic field, whereas it could be easily observed for strictly free neutrons.
Our suggestion is falsifiable at small costs. " Table- top" experiments on neutrons may discover the neutron -mirror neutron oscillation, with a good experimental control of the initial phase and mixing angle, and thus open a window to the mirror world with all implications for dark matter, UHE cosmic rays and other astrophysical phenomena, or they may exclude it and thus make the mirror hypothesis itself a sort of beautiful but useless mirage. On the other hand, as far as new physics responsible for this oscillation points towards operators cutoff by a scale at TeV order, eq. (1), then its discovery would also imply that reaction channels with baryon number violation and large missing energy could be observed at LHC.
In addition, the complex approach and large statistics of the Pierre Auger experiment will allow to find out very soon if the super-GZK excess in the cosmic ray spectrum is due to neutron -mirror neutron oscillation, or to other, as a matter of fact, not less exotic mechanisms as are e.g. the super-slow decay of super-heavy dark matter [21] or Lorentz invariance violation [22] , or, on the contrary, there is no super-GZK excess at all.
